# 


Sarraf20-12 



10 



METHOD AND APPARATUS FOR FREQUENCY OFFSET ESTIMATION AND 
INTERLE AVER SYNCHRONIZATION USING PERIODIC SIGNATURE SEQUENCES 

Cross Reference to Related Applications 

The present^ invention is related to United States Patent Application entitled 
'Method And Apparatus For Partial And Course Frequency Offset Estimation In A Digital 
Audio Broadcasting/ (DAB) System," (Attorney Docket Number Milbar 1-9), filed 
contemporaneouslVherewith, assigned to the assignee of the present invention and incorporated 
by reference hepn. 

Field of the Invention 

The present invention relates generally to digital audio broadcasting (DAB) and 
other types of digitay communication systems, and more particularly, to frequency offset 
estimation technique/ for such digital audio broadcasting (DAB) and other types of digital 
communication systems. 
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Background of the Invention 

Proposed systems for providing digital audio broadcasting (DAB) in the FM radio 
band are expected to provide near CD-cndality audio, data services and more robust coverage than 
existing analog FM transmissions. However, until such time as a transition to all-digital DAB 
can be achieved, many broadcaster/ require an intermediate solution in which the analog and 
digital signals can be transmitted simultaneously within the same licensed band. Such systems 
are typically referred to as hybrid in-band on-channel (HIBOC) DAB systems, and are being 
developed for both the FM and AM radio bands. 

In order to prevent significant distortion in conventional analog FM receivers, the 
digital signal in a typical FM HIBOC DAB system is, for example, transmitted in two side 
bands, one on either side of the analog FM host signal, using orthogonal frequency division 
multiplexing (OFDM) sub-carriers. In an OFDM communication system, the digital signal is 
modulated to a plurality of small sub-carrier frequencies that are then transmitted in parallel. 

In the United States, the frequency plan established by current FCC regulations 
separates each transmitting station in a geographical area by 800 KHz. Any transmitting stations 
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in adjacent geographical areas, however, are separated from a local transmitting station by only 
200 KHz. Thus, a particularly significant source of interference in such a system is known as 
first adjacent analog FM interference. This interference results when a portion of an FM host 
carrier in an adjacent geographic area overlaps in frequency with a portion of a digital signal side 
5 band. Although first adjacent analog FM interference, when present, typically affects only one 
of the two digital side bands, it nonetheless represents a limiting factor on the performance of 
DAB systems. The presence of a strong first adjacent interference signal will significantly 
degrade the performance of the digital signal transmissions, even when one of the two side bands 
is free from interference. 

10 Frequency offset estimation techniques are implemented in most communication 

systems. In most digital communication systems, a frequency error is calculated using 
information in the time domain, and feedback is provided to correct the error. Time domain 
D operation in the IBOC case, however, is significantly impacted by in-band power from adjacent 
yj channels due to first adjacent interference. In addition, timing errors in the time domain 
ft operation are coupled to the frequency error calculation in an OFDM system, 
p A need therefore exists for a frequency offset estimation technique that provides 

reliable performance, even in presence of first adjacent interference. A further need exists for a 

l_ method and apparatus that performs frequency offset estimation techniques in the frequency 

D 

gn domain. 

3) 

ul 

y3 Summary of the Invention 

Generally, a method and apparatus are disclosed for frequency offset estimation 
and interleaver synchronization, using periodic signature sequences, such as Barker codes. 
According to one aspect of the invention, the periodic signature sequence is used for interleaver 

25 synchronization or frequency offset estimation or both. The periodic signature sequence, such as 
a Barker code with a very low side-lobe, is transmitted over a certain number of bins in a DAB 
system in both the upper and lower sides of the DAB signal. Since the signature sequences are 
assigned to specific bins known to the receiver, any shift of the correlated peak from the 
expected location due to frequency offset errors can be estimated by the frequency offset 

30 algorithm. The estimated frequency offset can then be corrected using feedback techniques. If 
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the Barker sequence is placed, for example, in the last column of the DAB interleaver, the 
location of the Barker sequence upon correlation of the received digital signal identifies the 
beginning of an interleaver block. 

The disclosed FM HIBOC DAB system transmits a Barker sequence over a 
signature frame every L data frames on each side band, where L is generally the number of 
OFDM frames that can fill the interleaver memory. In one implementation, the transmission of 
the signature sequence on one side band is delayed from the other by L/2 data frames for 
diversity purposes. 

The n consecutive bins that carry the Barker sequence are referred to as the 
signature bins and the OFDM frames that contain the signature bins are referred to as signature 
frames. If the maximum frequency offset is M bin separation intervals, then the frequency offset 
algorithm utilizes a search window of size n + 2M bin separation intervals, and attempts to 
maintain the Barker sequence in the center of the search window. At the transmitter, the Barker 
sequence is mapped to the OFDM signature bins that do not belong to uncertainty regions (the 
group of bins that can fall out of the receiver processing range for maximum positive and 
negative frequency offset values). Thus, the Barker sequence bins are processed by the 
disclosed receiver as long as the frequency offset does not exceed the specified maximum 
frequency offset. 

The receiver processes the FFT outputs N-M to N + n+M and 
-N + M to -N-n-M , that correspond to the upper and lower uncertainty regions of the 
signature bins, respectively, in the absence of any frequency offset. If the received frequency 
domain signal is shifted by a frequency offset equal to an integer multiple of the frame rate 
before the FFT operation, this frequency shift in frequency domain is translated to a time shift by 
an integer number of symbols at the FFT output. 

While processing a signature frame (every L frames), the Barker matched filter, 
having the length of 2n-l , will produce a peak upon the arrival of the 2( N+n) 'th demodulated 
bit and 2(- N-n)'th demodulated bit in the absence of any frequency offset. For a frequency 
offset of ±AN bins, the auto-correlation peak will be shifted from this reference bit to the 
2(±N±n± AAO'th bit position. Any shift from this reference bit is calculated and the 
corresponding frequency offset is determined by the receiver. 
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A more complete understanding of the present invention, as well as further 
features and advantages of the present invention, will be obtained by reference to the following 
detailed description and drawings. 

Brief Description of the Drawing s / 

FIG. 1 shows a portion of a frequency/spectrum in an exemplary hybrid in-band 
on-channel (HIBOC) digital audio broadcasting (DAB) system in accordance with the present 
invention; / 

FIG. 2 is a schematic block diagram of a transmitter in an exemplary hybrid in- 
band on-channel (HIBOC) digital audio broadcasting (DAB) system in which the present 
invention may be implemented; / 

FIG. 3 illustrates the format of a signature OFDM frame in accordance with the 
present invention; and / 

FIG. 4 is a schematic block diagram of an exemplary receiver in a hybrid in-band 
on-channel (HIBOC) digital audio broadcasting (DAB) system in which the present invention 
may be implemented. / 

Detailed Description 

FIG. 1 illustrates a portion of a frequency spectrum in an exemplary FM HIBOC 
DAB system, plotted with the power, P, as a function of frequency, / The portion of the 
spectrum shown in FIG. 1 includes an analog host FM signal 100 with associated lower digital 
side band 102 and upper digital side band 104. The side bands represent portions of the 
frequency spectrum used to transmit digital audio information in the HIBOC DAB system. 

The system in the illustrative embodiment, discussed further below, uses an inner 
cyclic redundancy code (CRC), and differential quadrature phase shift keyed (DQPSK)/OFDM 
modulation. The DQPSK modulation of transmitted symbols provides robustness to frequency- 
selective fading and oscillator phase drift. The differential encoding is performed in frequency 
between OFDM tones. The digital signal to be transmitted and the inner CRC block code are 
repeated in each of the side bands 102, 104. As shown in FIG. 1, each of the side bands include 
N components, 102-1 through 102-N, and 104-1 through 104-N, respectively. The components 
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may represent, for example, sets of orthogonal frequency division multiplexed (OFDM) sub- 
carriers. Pilot tones 103 are present at either end of the side band 102, and pilot tones 105 are 
present at either end of the side band 104. Additional pilot tones (not shown) may be present 
elsewhere in the portion of the frequency spectrum shown. The pilot tones 103, 105 correspond 
5 to selected OFDM reference tones, and may be used to determine the presence of interference. 
While the unmodulated pilot tones 103, 105 could be placed anywhere across the DAB spectrum 
(or eliminated entirely), the main advantage of positioning them on the side is to utilize them as 
reference points in the DQPSK de-modulation across the frequency domain. 

The present invention utilizes a periodic signature sequence, such as a Barker 
10 code with a very low side-lobe, that is transmitted over certain number of bins in a DAB system 
in both the upper and lower sides of the DAB signal. Once the codes are assigned to specific 
bins known to the receiver, any shift from that location due to frequency offset errors can be 
B estimated and compensated for by the frequency offset algorithm. A constant frequency offset is 
yj applied to the receiver local oscillator in the beginning of the call set-up to compensate for 
:£5 course frequency offset of the determined number of integer bins. Thus, the location of the 
Q Barker signature sequence identifies the amount of frequency offset (in terms of the number of 
r« bins). 

* According to a further feature of the present invention, the same periodic 

y3 signature sequence, such as a Barker code, is also used for interleaver synchronization. The 
:£p beginning of the interleaver block is identified by the OFDM frame that contains the Barker 
fl sequence. It is again noted that an interleaver block contains L OFDM frames, and the last frame 
of the interleaver block carries the Barker sequence, in accordance with one implementation of 
the present invention. Thus, upon correlation of the received signal at the DAB receiver, the 
location of the Barker sequence identifies the beginning of an interleaver block. 
25 Thus, the signature frame identifies the beginning of an interleaver block and the 

location of the signature sequence within the signature frame provides for the amount of 
frequency offset. To make the frequency offset algorithm more robust against channel artifacts 
and the impact of the first adjacent interference, a complementary Barker code sequence can be 
intermittently used on both upper and lower sides of the DAB signal for both time and frequency 
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diversity purposes. In addition, if one of the side bands is lost or corrupted by the upper or lower 
first adjacent, the other side band detects and estimates the frequency offset error independently. 

It is noted that the present invention assumes that a partial frequency offset 
estimation algorithm has compensated for the partial frequency offset, for example, by 
5 estimating the phase rotation of the cyclic prefix portion of the OFDM frame in the time domain. 

FIG. 2 shows an exemplary FM HIBOC DAB system 200 in which the invention 
may be implemented. The system 200 includes a transmitter and a receiver. It should be noted 
that FIG. 2 shows only the digital portion of the system, i.e., the portions associated with 
generation and processing of the digital signals. Additional conventional processing elements 
10 may be used to process the analog signals. A PAC audio coder 202 generates an encoded audio 
signal, for example, at a bit rate of 96 kbps using the audio compression techniques described, 
for example, in D. Sinha, J.D. Johnston, S. Dorward and S.R. Quackenbush, "The Perceptual 
3 Audio Coder," in Digital Audio, Section 42, pp. 42-1 to 42-18, CRC Press, 1998, incorporated 
by reference herein. The encoded audio bit stream is applied to a CRC encoder 204, which 
generates CRC bits in a conventional manner using a CRC error detecting block code. CRC is 
an example of one type of "inner code" that may be used in the system 200. Other possible inner 
\n codes include, for example, Reed-Solomon (RS) codes, Bose-Chadhuri-Hocquenghem (BCH) 
!L codes, and other block codes. 

iO As shown in FIG. 2, the FM HIBOC DAB system 200 also includes a 

|3C> convolutional coder 220, such as a complementary punctured pair convolutional (CPPC) coder 
for coding the audio bitstream in accordance with well-known CPPC techniques. In addition, the 
FM HIBOC DAB system 200 includes an interleaver 222, a DQPSK modulator 224, and an 
OFDM modulator 226. The convolutional coding in coder 220 is an example of a type of "outer 
code" that may be used in the system 200. Other types of outer codes may also be used, 

25 including block or convolutional codes, so-called "turbo" codes, and coding associated with 
trellis coded modulation. The modulated output of the OFDM modulator 226, which corresponds 
to the digital side bands 102 and 104, is transmitted through an FM broadcast channel 230 to a 
receiver (not shown). The DQPSK modulator 224 processes the interleaved bit stream to 
generate two bits for each QPSK symbol, which are then mapped to the appropriate sub-carrier 

30 by the OFDM modulator 226. For a more detailed discussion of a conventional orthogonal 
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frequency division multiplexing (OFDM) system, see, for example, W.Y. Zou and Y. Wu, 
"COFDM - An Overview," IEEE Trans. Broadcasting, Vol. 41, No. 1, 1-8 (March 1995) or 
J.A.C. Bingham, !t Multicarrier Modulation for Data Transmission: An Idea Whose Time Has 
Come,' 1 IEEE Comm., 5-14 (May 1990), each incorporated by reference herein. 

As previously indicated, the interleaver 222 utilizes a periodic signature sequence, 
such as a Barker code with a very low side-lobe, that is transmitted over a certain number of bins 
in both the upper and lower sides of the DAB signal. For example, the last column of the 
interleaver 222 can contain a Barker sequence. 

FIG. 3 illustrates the format of a signature OFDM frame in accordance with the 
present invention. It is noted that the n bins that carry the Barker sequence are referred to as the 
signature bins 310, 330 and the OFDM frames that contain the signature bins are referred to as 
signature frames. If the maximum frequency offset is M, then the frequency offset algorithm 
utilizes a search window of size n + 2M, and attempts to maintain the Barker sequence in the 
center of the search window. As shown in FIG. 3, the present invention utilizes four uncertainty 
regions 305, 315, 325, 335 of size M, where M is the group of bins (frequencies) that can fall out 
of the receiver processing range for maximum positive and negative frequency offset values. 
FREQUENCY OFFSET ESTIMATION ALGORITHM 

The FM HIBOC DAB system 200 shown in FIG. 2 sends a Barker sequence over 
a signature frame every L data frames on each side band. The number L is generally equivalent 
to the number of OFDM frames that can fill the memory of the interleaver 222. In addition, the 
transmission of the signature sequence on one side band is delayed from the other by L/2 data 
frames for diversity purposes. This technique can generally double the speed of the algorithm 
and also increases the robustness as a result of the signature codes in both time and frequency 
domains. 

FIG. 4 is a schematic block diagram of the synchronization-frequency offset 
estimation components for a receiver 400 in a DQPSK-OFDM system, in accordance with the 
present invention. At the transmitter 200, the Barker sequence is mapped to the OFDM 
signature bins 310, 330 that do not belong to the uncertainty regions 305, 315, 325, 335 (FIG. 3). 
Thus, the Barker sequence bins are processed by the receiver regardless of the amount of 
frequency offset. For example, if the maximum frequency offset, M, is established with a value 
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of 10 at the receiver, the 10 inner and out bins on each side band are not used to carry the Barker 
sequence because they might be missed by the receiver for certain frequency offset values. 

The receiver 400 processes the outputs N-Mto N + n + M and 
-N + M to -N-n-M , of the FFT block 410, where the outputs N-M to N + n+M and 
5 -N + M to -N-n-M , correspond to the upper and lower uncertainty regions for the 
signature bins in absence of any frequency offset. If the received frequency domain signal is 
shifted by a frequency offset equal to an integer multiple of the frame rate before the FFT 
operation, this frequency shift in frequency domain is translated to a time shift by an integer 
number of symbols at the FFT output. In other words, the signal pattern at the output of the FFT 
10 block 410 will be shifted by ±AN to the left or to the right depending on the sign of the 
frequency offset. 

In a signature frame, the Barker sequence is mapped on signature bins ±N±n , 
as shown in FIG. 3. While processing a signature frame (every L frames) (from among all the 
^ arriving frames within an interleaver block), the Barker matched filter 450, having the length of 
2n-\ will produce a peak upon the arrival of the 2(N+n)\\i demodulated bit and 

!Jj 2(-Af-«) f th demodulated bit in absence of any frequency offset. For a frequency offset of 

01 

g ±AAT bins, the autocorrelation peak will be shifted from this reference bit to the 
2(±N±n± AAO'th bit position. Any shift from this reference bit is calculated and the 
*t corresponding frequency offset is determined by the receiver 400. 

m 

# As shown in FIG. 4, the receiver 400 also includes a differential decoder 430, a 

^ symbol to bit mapper 440, the Barker matched filter 450, a thresheld detector 460 for identifying 
correlated peaks, and a decision block 470. For a discussion of these elements, see, for example, 
R.A. Scholtz, "Frame Synchronization Techniques," I.E.E.E. Trans. Comm., Vol. COM-28, No. 
8, 1204-1212, incorporated by reference herein. 
25 The OFDM frame synchronization must be performed prior to the frequency 

offset estimation, and the frame timing should be available to the parallel to serial converter 420 
and the decision block 470 in the frequency offset estimation system. In addition, the automatic 
gain control output from the receiver AGC block should be used for to establish a threshold in 
the threshold detector blocks 460. It is noted that the present invention can utilize a maximum 
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likelihood approach by taking the largest samples of the Barker matched filter outputs in each 
frame and take the strongest of all these maximums over one interleaver block. Under this 
condition, no threshold setting by the receiver AGC circuitry is required. 

The present invention thus provides a frequency offset estimation algorithm that 
estimates the frequency offset of the received signal from the local oscillator within the OFDM 
frame rate. The frequency offset algorithm estimates the phase rotation within one OFDM frame 
as a result of the frequency offset of the received signal. For frequency offset values within the 
OFDM frame rate, the signal phase rotation due to the frequency offset cannot exceed 2n and as 
such, the exact offset can be expressed as follows: 

Af = L . 

211 

It is to be understood that the embodiments and variations shown and described 
herein are merely illustrative of the principles of this invention and that various modifications 
may be implemented by those skilled in the art without departing from the scope and spirit of the 
invention. 


